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Abstract 
In this research, the hydrothermal treatment (HT) was applied to treat a waste stream from the commercial production of palm oil. 
The investigation both lab-scale and pilot-scale reactors have been conducted. The hydrothermal products were characterized and 
their fuel qualities were evaluated. The results indicated that the fuel qualities of the products improved after HT; such as higher 
carbon content, higher energy density, and lower O/C and H/C ratios compared with the raw feedstock. The HT products derived 
from the lab-scale and pilot-scale reactors had similar chemical compositions and energy density which indicated the feasibility 
of an up-scale application for this technology.  
© 2013 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the SustaiN conference committee and supported by Kyoto University; (RISH), 
(OPIR), (GCOE-ARS) and (GSS) as co-hosts. 
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1. Introduction 
Nowadays, a lot of problems associated with the fossil fuel exploitation as well as its application in energy 
generation have grown the public interest into the use of renewable energy resources. In the development of cleaner 
technology to promote carbon dioxide emission reduction, biomass stands out as one of the most important 
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renewable energy sources. Biomass is known to have the advantage of generating zero net carbon dioxide emission 
as a carbon neutral material. It is expected to play a substantial role in the future global energy balance as it can 
contribute to about 12% of the world’s energy supply, and even higher to about 40 – 50% of energy in many 
developing countries [1].  
Indonesia, together with Malaysia, is accounting for 86% of global palm oil production [2], and Indonesia 
contributes approximately 8 million hectares of total plantation areas and almost 20 million tons of palm oil 
production output in 2010 [3]. Indonesia has a great potential for the utilization of oil palm empty fruit bunch (EFB) 
as the waste in the palm oil industry, which disposes approximately 1.1 ton of EFB for every ton of crude palm oil 
(CPO) produced [4]. EFB is a lignocellulosic residual which remains from the extraction of oil palm (Elaeis 
guineensis) fruits at the mills [5]. The EFB is low in commercial value, and it poses a disposal problem because of 
its large quantity [5]. Consequently, many palm oil farmers and producers are facing the problems associated with 
the increasing waste streams, such as insufficient dumping spaces, bad odor and hazardous methane gas from the 
decomposition processes [6]. On the other hand, the large energy potential of 138.3 million GJ/year from EFB waste 
[3] has gained government attention to utilize this kind of agricultural waste as a solid fuel for electricity generation 
to national and local grids. Utilizing EFB as energy feedstock may promote replacement of fossil fuel and 
consequently address the issue of waste management since the density of EFB makes it uneconomical to transport, 
store and manage [7]. It is also expected that the usage of EFB can solve the environmental problems coming from 
organic wastes, and at the same time become a key point for the development of rural areas. 
Due to the high moisture and oxygen content within the biomass, direct combustion of biomass for energy 
generation gives disadvantages of lower combustion temperature as well as the increase of CO emission [8]. 
Compared to fossil fuel, biomass contains less carbon and has lower calorific values on similar weight basis. To 
increase the energy density of biomass by increasing its carbon content and decreasing its oxygen content, a 
pretreatment process is needed. In addition, the process should be able to treat the raw, wet biomass waste stream 
while keeping the carbon dioxide emission and the energy consumption low. Based on these requirements, 
hydrothermal treatment (HT) as a pretreatment process prior to the thermo-chemical conversion of biomass offers 
significant merits such as high conversion efficiency, the elimination of energy-extensive drying process, and 
relatively low operation temperature compared to the other thermal processes [8]. An advantage of HT over dry 
conversion processes is that heterogeneous wet organic residues and waste streams can be processed without 
preliminary separating and drying. Pyrolysis, gasification, and combustion require the feedstock to be dried prior to 
conversion. Energy required to dry feedstock can be significant, obviously depends on the feedstock moisture 
content [9]. 
HT itself is a pressurized thermal conversion process in the water/saturated steam media conducted at relatively 
low temperature of 180-230 °C, with or without the usage of citric acid and metal ions catalyst [10]. HT is using 
mild conditions compared to the harsh condition required by other conversion processes of biomass, such as 
pyrolysis or gasification [11]. In contrast to HT, pyrolysis process took place at reaction temperature of 300-500 °C 
while gasification was at 500 – 800 °C [12]. Direct HT without the usage of catalyst is the most preferable treatment 
as the biomass can be treated without the need of additional catalyst, and uses only water which is naturally present 
in biomass, non-toxic, environmentally-friendly and inexpensive medium [12]. HT process can be carried out for 
treating biomass waste streams in order to minimize waste, and produce value-added residual material. Many studies 
have been done to investigate HT process on biomass to produce hydrochar for various applications [8-15]. Studies 
on HT process for treating Municipal Solid Waste (MSW) have also been conducted which conclude that HT can 
become an advantageous technology to improve the properties of MSW for a solid fuel product as clean energy [9, 
18-19]. However, the investigation on the application of pilot-scale HT is not widely practiced.  
In this study, we conducted the direct HT to upgrade the waste EFB into a value-added solid product. EFB was 
selected due to the raising environmental concerns, and its potential as a solid fuel for the future commercial 
applications. The study focused on upgrading EFB as well as increasing its energy density in order to produce an 
alternative solid fuel. The specific objectives of this work were (1) to investigate the feasibility of lab-scale and 
pilot-scale HT application in converting EFB into value-added solid product and (2) to investigate the 
physicochemical characteristics of the products.  
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2. Experimental 
2.1 Materials 
The biomass feedstock used in the experiment was EFB obtained from Yonsei University, Korea. EFB was 
selected as a representative waste biomass due to its high generation potential in Indonesia. The dried crushed raw 
materials of less than 10mm were prepared for the HT experiments. 
2.2 Lab-scale Hydrothermal Treatment 
The lab-scale experimental HT of EFB was conducted in a batch type autoclave reactor shown in Fig. 1. This 
facility consists of a reactor, a heater, and a cooler (condenser). During HT process, approximately 10 g of biomass 
was loaded and mixed in the same amount of distilled water in the reaction vessel with the volume of 500 mL. Prior 
to the reaction, residual air was removed from the sealed vessel by introducing nitrogen from a nitrogen cylinder in 
order to create an oxygen-free environment inside the reactor. The autoclave was heated with target temperature of 
180, 200, and 220 °C and at autogenous pressures of around 1.0 MPa, 1.5 MPa, and 2.4 MPa, respectively. The 
process was held at the set temperature for 30 – 60 min while the rotor was kept stirring. As the temperature rose, 
the added water as well as the moisture in biomass vaporized to form saturated steam. In saturated condition, the 
temperature and the pressure of the steam are mutually dependent. When one of them is given, the other is 
determined. The pressure gauge will show the pressure condition inside the reactor to ensure that the related 
pressure is reached at the set temperature.  After the treatment completed, the heater was switched off and valve was 
opened to discharge residual steam to lower the pressure and temperature to the atmospheric condition. The product 
was then taken out from the reactor. 
 
 
 
 
Fig 1. Schematic diagram of the lab-scale autoclave reactor. 
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Fig 2. Schematic diagram of the pilot-scale reactor. 
2.3 Pilot-scale Hydrothermal Treatment 
The pilot-scale HT reactor was located in Nagoya, Japan. The schematic diagram of the reactor is shown in Fig. 2. 
The reactor vessel is of 200 L volume and capable of applying medium-pressure saturated steam at approximately 2 
MPa.  
In this batch-type treatment, EFB was fed into the reactor with around 2 MPa saturated steam supplied into the 
reactor gradually from a boiler while being stirred by a rotor unit. The temperature was around 160 – 200 °C. After 
reaching the target temperature, the reactor was held at set temperature for 30, 60, and 90 min. When the holding 
time finished, steam supply was stopped and pressurized steam inside the reactor was discharged to the condenser 
until the reactor reached the atmospheric pressure. Then, the treated products were extracted from the reactor and 
naturally-dried for about 2 days to obtain dried products for further analyses. 
2.4 Characterization of HT Products 
The chemical characteristics of HT products were determined using proximate analysis, ultimate analysis, and 
higher heating value (HHV). All the analyses were carried out for both the raw material and the HT products. 
Proximate analysis was performed using SHIMADZU D50 simultaneous TGA/DTA analyzer based on ASTM D 
3172. The Perkin Elmer 2400 Series II CHNS/O Analyzer was used to measure the elemental value of carbon, 
hydrogen, and nitrogen, while the oxygen value was calculated from the difference. Takara Thermistor DCS-196 
Digital Calorimeter was employed to measure the HHV of raw EFB and the HT products. 
3. Experimental results and discussions 
3.1 Effect of Hydrothermal Treatment on Product Composition and Heating Value of EFB 
This research investigated the effect of hydrothermal process on EFB especially on its composition and calorific 
value in order to evaluate the products as alternative solid fuel. The proximate analysis, ultimate analysis, and 
heating value of the raw EFB and the treated products are summarized in Table 1 together with the data of lignite for 
comparison. The HT process changed the chemical composition of biomass to some degree depending on the 
reaction conditions. As seen in Table 1, the carbon content increased while the oxygen content decreased with the 
increase of the reaction temperature. However, the hydrogen content varied and decreased only slightly with the 
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reaction severity. The decrement in the oxygen and hydrogen contents represents less condensed products, which 
may attribute to dehydration, hydrolysis, and decarboxylation reactions during the hydrothermal process [16]. These 
changes were expected to indirectly improve the combustion properties of biomass [20]. This result is in line with 
the previous reports for the hydrothermal carbonization of Tahoe mix wood chips, walnut shell and sunflower stem, 
and coconut fiber and eucalyptus leaves [8, 11, 14].  
The proximate analysis results indicates that there is a decrease in the volatile matter content, while the fixed 
carbon content increases, which might be due to the coalification process, as reported by Roman et al. [11]. 
Consequently, HT decreased the fraction of volatiles in combustible carbon (volatile matter/ (volatile matter + fixed 
carbon)). The combustible carbon ratio decreased with the increasing temperature. It was shown that the value of 
products at 220 °C (0.69) was close to that of lignite (0.54), and it became significantly closer when the reaction 
temperature was increased. Moreover, high volatile matter can cause reduced combustion efficiency and increased 
pollutant emission when biomass is directly combusted [8]. Therefore, the lower the fraction of volatiles in 
combustible carbon is, the smaller the difference between the products and coal will become, in term of combustion 
regions leading to readiness of the fuel to be used directly without significant modification for boilers. 
Table 1. Chemical characteristics and properties of the raw EFB, and the HT products at various treatment temperatures and holding time. 
Property Feedstock 
30 min 60 min 
Lignite  
180oC  200oC  220oC  180oC  200oC  220oC  
Proximate Analysis (%)*         
Volatile Matter 78.7 82.6 73.6 70.7 78.2 69.7 64.6 48.8 
Fixed Carbon 15.3 12.8 21.9 24.1 17.5 24.4 29.5 41 
Ash 5.9 4.6 4.5 5.2 4.3 6 6 10.3 
Combustible carbon ratio 0.84 0.87 0.77 0.75 0.82 0.74 0.69 0.54 
Elemental analysis (%)**         
C 41.81 50 51.86 54.41 50.52 52.9 54.73 61.64 
H 5.73 5.82 5.75 5.73 5.82 5.54 5.49 5.72 
N 0.84 0.55 0.82 0.94 0.88 0.85 0.88 1.74 
O (diff) 45.71 39.03 37.05 33.75 38.53 34.74 32.94 30.13 
HHV (MJ kg-1) 18.6 20.5  21.4  22.4  20.7  21.8  22.8  25 
Energy Densification a  - 1.10  1.15  1.20  1.11  1.17  1.23   - 
Energy Yield b  - 88.8  84.1  72.6  88.0  77.7  70.9   - 
a HHVproduct/HHVfeedstock        
b Solid yield * energy densification ratio        
* dry basis ** dry ash free basis        
 
Comparing and plotting the calculated H/C and O/C atomic ratios using Van Kravelen Diagram are best for 
evaluating the changes in the elemental composition of raw biomass and solid products. In the Van Kravelen plot of 
the EFB and HT product as illustrated in Fig. 3, the H/C and O/C ratios were seen decreased by increasing the 
hydrothermal reaction temperature. Figure 3 shows that with the higher hydrothermal reaction severity, the products 
will shift to the left side of the diagram approaching to the coal region. Even for the products resulted from the 
hydrothermal reaction temperature as low as 180 °C, the ratio is far lower than that of raw biomass. It is noteworthy 
that at the temperature 220 °C, the result of treated EFB has the H/C and O/C ratios similar to peat. With more 
process severity, the products may have ratio values lower than lignite or even similar to coal. Generally, a fuel with 
low H/C and O/C ratios is desirable. From Fig. 3, it is expected that the products have better fuel qualities and 
improve energy density in correspond to the decrease in the number of low energy H – C and O – C bonds and the 
increase of high energy C – C bonds [21]. This diagram also shows the chemical transformation that possibly occur 
during hydrothermal process, which are demethanation (production of methane), dehydration (production of water), 
and decarboxylation (production of carbonyls) as shown by each arrow in Fig 3 [13].  
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Fig 3. Van Kravelen diagram of hydrothermally treated EFB at various treatment temperatures and holding time. 
The heat content of the products is also one important characteristic for evaluating the fuel properties which are 
naturally influenced by the changes in chemical composition of the products after HT process. In all cases, the 
increase in reaction severity clearly increases the heating value of HT products as seen in Table 1. At the holding 
time of 60 min, the heating value was slightly higher than that of 30 min. The treated products obtained at 220 °C 
showed an enhancement of the heating value of around 20% and 23% for 30 min and 60 min, respectively, 
compared with the raw material. These increases in the heating value of the product are comparable with the other 
reported increases. It has been reported in other study that the mild hydrothermal carbonization treatment of wheat 
straw (180 °C) increased the heating value of 20 – 30% [22]. 
Yan et al. [17] suggested the definition of the energy densification as the energy content of the products was 
divided by the energy content of raw biomass, while the energy yield was defined as the recovered solid mass 
multiplied by the energy densification ratio. In Table 1, the calculation results revealed that the energy densification 
increases with the increasing of the reaction temperature, from 1.10 at 180 °C to 1.23 at 220 °C. The total energy 
yield varied significantly ranging from 70.9 to 88.8% within the temperature range of 180-220 °C. The highest 
energy yield was obtained from products at the lowest temperature were exhibited consistently in previous reports [8, 
14]. This energy yield, also known as the energetic retention efficiencies, provides a means of comparing the energy 
remaining in the solid product of the hydrothermal treatment.  
It was observed that varying the holding time has a similar but smaller effect on the chemical composition than 
varying the reaction temperature. The studies on the relative effects of the holding time and the reaction temperature 
have already been performed [11, 14, 17]. Under the reaction conditions employed, the reaction temperature seems 
to have a stronger effect than the holding time. Therefore, in this study, observing the chemical properties, the 
energy densification, and the similarity of the obtained HT products with peat, HT at 220 °C was considered as 
optimum HT temperature to produce solid fuel from biomass waste. 
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3.2 Comparison of Lab-Scale and Pilot-Scale Hydrothermal Treatment  
Commercialization of HT process to treat agricultural wastes was highly expected especially with the focus on 
solving environmental and energy problems. Thus, the investigation on the feasibility of treating biomass using up-
scale HT is significantly important to be done in order to ensure that the result is as good as the products from lab-
scale experiment. HT process in the pilot-scale reactor was conducted in the similar condition with the lab-scale to 
obtain an equal comparison on the properties of the products after the process.  
The ultimate and heating value results were shown in Table 2. Raw EFB has carbon content of 41.81% and the 
higher heating value of 18.6 MJ/kg. The HT process was observed to be able to improve the fuel qualities of 
biomass. Products obtained from HT using the pilot-scale reactor are found comparable with carbon content and 
energy content of those treated by lab-scale autoclave system. As seen in Table 2, the carbon content of the product 
in the pilot-scale reactor ranges from 49.7 to 50.99%, increasing as a function of the holding time. The same trend 
was also observed from the heating value of the products which had a value of 20.5 to 21.3 MJ/kg, increased with 
the longer holding time.  
Table 2. Ultimate analysis and heating value of HT products at 180°C. 
Ultimate analysis * Raw EFB 
Lab-scale Pilot-scale** 
30 min 60 min 30 min 60 min 90 min 
C 41.81 50.00  50.52  49.7  50.5  50.99 
H 5.73 5.82  5.82  5.9  5.9  6.21 
N 0.84 0.55  0.88  1.0  0.9  0.75 
O (diff) 45.70  39.03  38.53  37.6  36.8  31.29 
S  -  -  -  -  -  - 
HHV (MJ/kg) 18.6 20.5 20.7 20.5 21 21.3 
*dry ash-free basis. Unit: weight ratio     
** temperature range 160°C-200°C     
 
Generally, coal-fired power plants utilize coal in the form of pulverized coal in order to burn the fuel easily and 
efficiently. To obtain biomass-derived solid fuel similar to pulverized coal, the HT offers a significant benefit since 
it can produce fuel that is similar, in form, to coal for some extent depending on the operation condition as seen in 
the Fig. 4. This biomass pretreatment is not only able to improve the fuel properties of the biomass (the carbon 
content and the energy density), but also to enhance the grind ability of the biomass if the pulverized form is desired. 
More investigation on the grind ability of HT biomass is needed to ensure the optimum operation condition that 
performs best in this matter. 
This outcome shows that a large-scale HT is likely feasible to be carried out to produce a coal-like solid fuel in 
order to enhance the efficiency of biomass combustion in boilers. The improvement in fuel qualities as well as the 
dry uniform products is an important advantage that HT could offer related to the issue of inputting biomass which 
is ready to fuel a conventional boiler.  
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   (a)                                                                (b) 
Fig 4. Appearance of HT products at 180°C (a) lab-scale, and (b) pilot-scale. 
4. Conclusions 
This research provides a basic study of pre-treating EFB, a waste from palm oil mills, employing HT as an 
alternative technology to utilize EFB for power generation. This study reveals that an improvement in the fuel 
qualities of EFB was indicated after the hydrothermal treatment process. The increase of carbon content and energy 
content of HT EFB compared with the raw feedstock might be due to the dehydration and decarboxylation reactions 
during the hydrothermal treatment process. The energy content per weight of products ranged from 20.5~22.8 MJ/kg 
which is almost 2/3 of that of typical bituminous coal. The results show that the reaction temperature strongly not 
only influences these fuel quality enhancements, but also reduces the solid mass recovery ratio of the products. In 
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addition, based on the obtained products properties after HT, 220 °C was the optimal temperature to produce solid 
fuel from waste biomass by HT. 
The results of the pilot-scale HT show that longer holding period produced more crushed and easier-to-pulverize 
products. In addition, there is no significant fuel properties difference between the lab-scale and pilot-scale products. 
This work suggests that the densified solid fuel from HT conversion of EFB has the potential to be used for energy 
generation as a coal alternative and the results from this work may be used for further application in the commercial-
scale. In the future, we would like to study the possibility of briquetting of this hydrothermally treated EFB to 
produce a more commercially products for community in rural areas. 
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